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Abstract

Variations in genotype rankings among screenings for Al tolerance in hydroponics may be related to differences
in the composition of the solutions. In the present study, we investigated the involvement of Mg ions in modifying
Al rhizotoxicity in soybeans. Root elongation was strongly inhibited by Al in a simple, B8 CaSQ solution,

but elongation increased noticeably when the solutions also contained Mg. Amelioration of Al rhizotoxicity was
not associated with an increase in ionic strength of treatment solutions becdtissfVities were kept constant.
Concentration series experiments indicated that the Mg effect occurred inMeange, while Ca ameliora-

tion of Al toxicity occurred at mM concentrations. The positive effect of Mg on root elongation was greatest
for Al-sensitive genotypes and minimized genotypic differences for Al-tolerance. The Mg protection against Al
rhizotoxicity apparently does not occur with all species, because it was not observed in Atlas and Scout 66 wheat
varieties. The ability of Mg to ameliorate Al toxicity in soybeanaM levels suggests the involvement of distinct
physiological factors.

Introduction the research is done, meet the minimum experimental
requirements (Campbell and Carter, 1990). Other ad-

Aluminum toxicity is a major constraint to crop pro- Verse soil factors under acidic conditions, such as
ductivity in acid soils (Kochian, 1995). Although Mn?' toxicity and P deficiency, may also confound
liming minimizes Al toxicity, this amendment often results. Because of the field limitations, numerous
is not readily available or is very expensive (Sanchez attempts have been made to select germplasm for
and Salinas, 1981). When lime is added, effects gen- Al tolerance under hydroponic conditions (Horst and
erally are confined to surface soil layers, with littte Klotz, 1990; Howeler, 1991; Spehar, 1994; Villagarcia
impact on acidity and Al toxicity in the subsoil. Thus, ~€tal., 2000).

acid conditions and Al toxicity can persist in sub- Hydroponic screening is not free of difficulties.
soils, limiting deep root penetration and predisposing The pH-dependence of the toxic monovalent Al ions
crops to drought (Carter and Rufty, 1993; Goldman (Kinraide, 1991) requires strict pH control. Chemical
et al., 1989; Ritchey et al., 1983). An alternative to interactions of Al with SQ and PQ can lower the
such management problems is the identification and activity of AI** in solution (Grauer, 1993; Kinraide et
development of Al-tolerant cultivars (Barcelo et al., @al., 1985; Kinraide, 1997; Sanzonowicz et al., 1998).
1996). There is also evidence that changes in Ca and Mg

Screening for Al tolerance with field trials requires  concentration, in themM range, can reduce Al accu-
access to land with relatively uniform acid soils. Few Mulation at the root surface and diminish Al rhizotox-

field sites in industrialized countries, where much of iCity (Grauer and Horst, 1992; Kinraide and Parker,
1987; Kinraide, 1994; Ryan et al., 1997). Variable

* FAX No: 001-(919)515-7422. E-mail: jot_smyth@ncsu.edu solution compositions most likely have contributed to
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the altered ranking of genotypes for Al-tolerance in

experiments using hydroponic culture (Edmeades et
al., 1991; Lazof and Holland, 1999; Spehar, 1994;

Wheeler and Edmeads, 1995a).

The objective of the present study was to examine
the interaction between Mg and Al on root elongation
of soybean genotypes in solution culture. The results
indicate thatum concentrations of Mg alleviate Al
inhibition of root growth and the effects are clearly
different from those associated with Ca.

Materials and methods

A number of soybeanGlycine maxL.) Merrill] gen-
otypes with varying degrees of Al tolerance were used
in a series of experiments. The genotypes were: cvs
Essex, Young, Ransom, Biloxy and Flambeau, and
the plant introduction 416937 (PI). Whedfriticum
aestivumL.] cvs Atlas and Scout also were used in
some experiments. Various Ca and Mg concentrations
up to 5.0 mM were tested at At~ activities varying
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from 0 to 23 1M, at a constant pH of 4.2. The specific  Figure 1. Relative tap root elongation of soybean genotype Essex
treatments and genotypes used in each experiment ares a function of nutrient solution composition. Bars denote standard
detailed in the ‘Results’ section. errors.

Soybean and wheat seeds were germinated in pa-

per towels in darkness at 28C and 98% relative
humidity in a controlled-environment chamber. The
germinating seeds were kept moist by capillary action
from a 100 uM CaSQ solution. After 3 d, seed-
lings were selected for uniformity of root length and
placed into continuous flow hydroponic culture sys-
tems. Light was provided by high pressure sodium
vapor and metal halide lamps at 8580 ;moles nT?2

s~1 at the top of the culture tanks. The culture solution
temperature was 241 °C, and the pH was maintained
at 4.2+0.1 with continuous monitoring and automatic
additions of 200mM H2SOu. In all experiments, the
basal nutrient solution was 8G@M CaSQ. This solu-
tion was used in order to provide adequate Ca supply
and offset K toxicity (Sansonowicz et al., 1998).

After 24 h of acclimation in the pretreatment basal
solution, tap root length of individual seedlings was
measured prior to initiation of Al treatments. Tap root
lengths were between 12 and 15 cm at this time.
Tap root length of individual seedlings was measured
again after exposure to treatment solutions for 72 h.
Aluminum from an acidified 100mM AICI3 stock

their effects on the At inhibition of root elongation.
The composition of the complete nutrient solution,
when used, was (inuM) 300 KNGz, 50 KH2POy,
200 MgsQ, 5 FeSQ, 800 CasQ@, 5.7 HsBO3, 1.1
MnClz, 1.0 ZnSQ, 0.12 CuSQ and 0.06 NaMoOzg.

In all experiments, At activities in solution were
estimated using the default set of constants in the
GEOCHEM-PC software (Parker et al., 1995).

Root elongation is presented as a % of the control,
that is: (root elongation in the presence of Al)/(root
elongation in the absence of Al)00. Each datum
point for a treatment represents measurements from
approximately 20 individual plants. The experiments
were carried out twice and results were pooled.

Results

Nutrient solution effects on Al rhizotoxicity

Initial experiments were conducted with the Al-
sensitive soybean cultivar Essex to determine whether

solution was added to the basal solution to establish response in root elongation to Al changed when the
different AR activities. In some cases, other nutrients composition of the nutrient solution was altered. Res-
were added to the hydroponic solutions to evaluate ults indeed indicated that was the case. When seed-
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lings were exposed to solution with a series of Al 120
activities in the presence of only 80@M CaSQ, A o B
there was a sharp reduction in root elongation, with = 100 4 A Essex
50% inhibition occurring between 1 and 2M Al3+ £ O Young
activity (Figure 1). However, when the 80QuM E 30
CaSQ was combined with a complete nutrient solu- <
tion, root elongation was stimulated in the presence :
of Al up to 10 uM AlI3* activity. In the presence of S 60 1
a complete nutrient solution, 50% inhibition of root go
elongation occurred between 15 and 20M Al3+ 2 40
activity. s

The addition of 20Q«M Mg to solution with only g 20
Al and 800 M CaSQ accounted for most of the en-
hanced root elongation obtained with the complete nu- o L. ’ . . ‘
trient solution (Figure 1). Supplementing the 80/ 0 1 2 3 4 5
CaSQ solution with an additional 200uM CaSQ
failed to alleviate Al inhibition. Previous investiga- 140 S

tions have shown that PQOcan alleviate Al rhizo-
toxicity for several crop species (Alva et al., 1986;
Kinraide et al., 1985). When 5QuM P was omitted
from the complete nutrient solution in our experi-
ments, root elongation in the presence of Al increased
by less than 5%, indicating that our GEOCHEM-based
adjustment of solution Al concentrations properly ac-
counted for the formation of non-toxic Al-phosphate
complexes in this circumstance.

PI

Essex

Young

PI + 200 uM Mg*
Essex + 200 uM Mg**
Young + 200 pM Mg™*

120 A

100 1

e »rEOD>O

Root elongation, % of control

Magnesium modifies Al-sensitivity of soybean
genotypes

The magnitude of Mg alleviation of Al rhizotoxicity
in soybean and the associated changes in genotypic
rankings can be seen in Figures 2 and 3. In separate Solution AI** activity, uM
experiments, groups of three genotypes with known Figure 2. Relative tap root elongation of soybean genotypes PI, Es-
differences in sensitivity to Al were exposed to a range sex and Young in response to increasingAhctivities in 800M
of AI3t+ activities in solutions with either 800uM CaSQ solutions, in eith_er the absen(;e or presence of 200Mg. ‘
CaSQ or a combination of 800«M CaSQ and 200 Data in _2A are plotted in 2B to provide a frame of reference with

) ) A the x-axis change. Bars denote standard errors.
1M MgSQu. In the first set of experiments, inhibition
of root elongation for Al tolerant Pl was consistently
less than the susceptible cvs. Essex and Young in 8000f cv Ransom, for example, was inhibited by more
1M CaSQ at AP* activities up to 3uM (Figure 2A). than 60% at 0.5.M AI3* activity in 800 M CaSQ
When the same genotypes were exposed to solutionsalone, whereas elongation of cv Flambeau roots were
supplemented with Mg, both the inhibition of root reduced by less than 10%. In the presence of Mg, more
elongation and differences among the genotypes de-than a 20-fold increase in At activity was required
creased (Figure 2B). In a second set of experiments, to reach the same inhibition of root elongation of both
root elongation of cultivars Biloxy and Flambeau was cultivars and there was no difference in their tolerance
superior to cv Ransom at At activities up to 2:Min to Al (Figure 3B).
the of 800 M CaSQ solution (Figure 3A). The addi-
tion of 200 «M Mg to the basal solution decreased the Magnesium amelioration of Al rhizotoxicity in wheat
inhibition of root elongation by Al for all genotypes
and minimized genotypic differences. Root elongation Wheat is one of the most intensively studied species

5 10 15 20 25
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Figure 3. Relative tap root elongation of soybean genotypes Flam-
beau, Ransom and Biloxy in response to increasintf Alctivities

in 800 ©M CaSQ solutions, either in the absence or presence of
200 uM Mg. Data in 3A are plotted in 3B to provide a frame of
reference with the x-axis change. Bars denote standard errors.

in the area of Al toxicity. In the present investiga-
tion, experiments were conducted with this species to
determine whether the ameliorative effect of Mg on
Al inhibition of root elongation was similar to that of
soybean. Root elongation of cv Atlas 66 (Al-tolerant)
was consistently superior to Scout 66 (Al-sensitive)
when APt was present at activities up tosM in the
basal solution with only 800uM CaSQ (Figure 4).
Similar differences in root elongation between the two

genotypes have been reported previously (Pellet et al.,
1996; Parker and Pedler, 1998). In contrast to the res-
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Figure 4. Relative root elongation of wheat genotypes Scout 66 and
Atlas as a function of At activities in 800uM CaSQ solutions
and Mg supply. Bars denote standard errors.

ults with soybean, there was little difference in the root
elongation response to At and genotypic differences
in Al tolerance were not greatly modified when 200
uM Mg was added to the basal solution (Figure 4).

Calcium/Magnesium dose-response

The concentration dependence of the Mg effect was
examined with soybean. When growing in the 800
uM CaSQ basal solution and 2.4:M Al3* activity,
there was limited root elongation for cvs Essex and
the Pl when Mg was absent (Figure 5). With addi-
tions of Mg in the ©M range, Al inhibition of root
elongation was progressively alleviated for both geno-
types. In the presence of 2B8M Mg, root elongation
was enhanced by more than 50% and at oM Mg
root elongation exceeded that of the control treatments
without Al. In contrast, additions of Ca in the same
concentration range as for Mg had little impact on
ameliorating Al rhizotoxicity.

Additional experiments were carried out to invest-
igate the concentrations of Ca required to alleviate the
inhibition of root elongation by Al. When only the
basal solution was present (80aM CaSQ), root
elongation in the presence 24M Al3* activity was
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Figure 5. Effect of micromolar additions of Ca or Mg to 8QoM Figure 6. Effect of millimolar additions of Ca or Mg to 80pM
CaSQ solutions on relative tap root elongano:? of soybean geno- 350 solutions on relative tap root elongation of soybean geno-
types Essex and Pl in the presence of 2M AlST activity. Bars types Essex and Pl in the presence of 2M Al3+ activity. Bars
denote standard errors. denote standard errors.

Al inhibition of root elongation when Ca was absent.
less than 20% of the control treatments without Al for  aAdditions of 600 M Ca also failed to alleviate Al
both genotypes (Figure 6). As in other experiments, a toxicity, whereas 200.M Mg in combination with
low rate of Mg (50.M) was able to completely allevi- 400 ;.M Ca provided root elongation values that were
ate Al rhizotoxicity in both genotypes (Figure 6). Root  apout 80% of the maximum values obtained in solu-
E|Ongati0n in solutions with Al reached Comparable tions without Al. |ncreasing Mg from 300 to SOﬂM,
values to the control solutions at Ca concentrations of \ith a simultaneous reduction in Ca from 300 to 100
3000 1M for the PI and 5000 for cv Essex. The re- M, reduced root elongation of plants exposed to Al.
quired Ca concentration exceeded that for Mg by over sjnce a similar reduction in root elongation did not
60-fold. occur when Al was absent from solutions, it is likely

Molar ratio replacement experiments between Mg that the reduction in root extension at combination of

and Ca were carried out to investigate the interactions h|gh Mg and low Ca concentrations was related to an
between the cations on root elongation in the presencea|-induced Ca deficiency.

and absence of Al. In such experiments, confounding

effects are minimized because solution ionic strength

remains constant and changes in the plasma membran®iscussion

electrical potential are avoided (Kinraide, 1998). Max-

imum root extension at a pH of 4.2 in the absence The presence of Mg in nutrient solutions substantially
of Al was approached in the 100-400M Ca range decreased Al inhibition of root elongation in soybean.

(Figure 7). In the absence of Ca, even 6 Mg Amelioration occurred atuM concentrations of Mg
was ineffective in supporting root elongation. Roots with a number of soybean genotypes. The response
were also exposed to solutions containing ™ Al3+ to Mg appeared to be mechanistically different from

activity. Magnesium alone was ineffective in offsetting Ca and the latter ion only became effective atM
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Tan, 1993; Wheeler and Edmeades, 1995b). However,
the need to maintain adequate Mg nutrition in control
plants and the possibility of indirect Al effects on P
and Ca nutrition make valid comparisons difficult.
Differences in Mg and Al interactions between
soybean and wheat may be related to the differences
reported by Keltjens and Tan (1993) among dicot and
monocot species. Since their observations are based
on dry matter yield and root length data for solu-
tions with different Ca/Mg ratios was presented only
as means across monocots and dicots, direct com-
parisons with our results are difficult. Recent results
have demonstrated that there are differences in toler-
ance mechanisms for wheat and soybean. Exposure of
wheat roots to Al triggers malate exudation (Delhaize
and Ryan, 1995), whereas Al exposure in soybean trig-
gers citrate accumulation at the root tip and excretion
(Silva et al., 1999). Possibly, Mg has different effects
on these two processes in wheat and soybean.
The mechanistic basis for the Mg amelioration of
o ' . ‘ . ’ . Al rhizotoxicity in soybean remains unclear. In the
0 100 200 300 400 500 600 past, the ameliorative effects of cations atM con-
centrations have been explained most convincingly in
terms of changes in the electrical potential and*Al
. ' ' . i . ‘ activity at root plasma membrane surface (Kinraide et
600 500 400 300 200 100 0 al., 1992; Kinraide, 1994, 1998) or Al saturation at
root cation exchange sites (Grauer and Horst, 1992).
In our experiments, the ameliorative effect of Mg addi-
Figure 7. Tap root elongation rate of cultivar Essex in response to - tions to solutions could not be attributed to increases in
NG f”:cg’\'/%y.coﬁzmt;atg?”; 'ggfeaizsi;‘;ﬁ and presenceidd 9 electrical potential and consequent reductions Al
solution was always maintained at 6Q01. Bars denote standard activity at the membrane surface because it occurred
errors. in the uM range. A positive response in root ex-
tension was detectable at 1M Mg and increased
steadily up to 50uM Mg. Under similar hydroponic
concentrations. The change in soybean root responseconditions with 2.9,4M AI3* activity in solution, ad-
to Al by Mg also can be seen in the study by Lazof ditions of 50 ©M Mg were estimated by a modified
and Holland (1999), who compared Al effects on Gouy-Chapman-Stern model (Kinraide et al., 1998) to
root extension in both CaSCand complete nutrient ~ change the membrane electrical potential fre.6
solutions. to —8.4 mV, and the AT activity at the membrane
The short-term (72 h) experiments with wheat in- surface changed from 7.9 to 7.8M (Silva, 2000).
dicated that the presence of Mg did not substantially Calcium ions affect membrane negative potential in a
alter Al inhibition of root extension as with soybean. Mmanner similar to Mg ions (Kinraide et al., 1998), but
Results of other experiments on Mg and Al inter- additions of Ca to solutions in theM range failed to
actions with wheat, which also were short-term and alleviate the negative effects of Al on root elongation
used simple nutrient solutions, suggested that amelior- to the same extent as equal concentrations of Mg (Fig-
ation of Al toxicity appear to exist only when Mg was  ure 5). There was, however, an absolute need for Cain
present in themM range (Kinraide et al., 1985; Kin-  solution in order for the protective effect of Mg to be
raide and Parker, 1987; Kinraide, 1994, Ryan et al., expressed (Figure 7).
1997). There also have been long-term experiments  The effectiveness of Mg on alleviating Al rhizo-
that examined Mg and Al interactions (Edmeades et toxicity in the M range suggests the involvement
al., 1991; Keltjens and Dijkstra, 1991; Keltjens and ©f biochemical/metabolic regulation. Previous experi-
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ments using the Al-specific fluorescent stain lumogal- to Mg requirement were not evident. This indicates
lion (Silva et al., 2000) have shown that genotypes that the Mg protection against Al rhizotoxicity in soy-
more susceptible to Al rhizotoxicity accumulate more bean is offsetting the differential Al-susceptibility of
Al in meristematic cells at the root tip. This obser- the genotypes.
vation appears true with other plants species as well ~ The ameliorative effect of Mg on inhibition of root
(Crawford et al., 1998; Delhaize and Ryan, 1995; elongation has implications to hydroponic procedures
Ryan et al., 1997; Samuels et al., 1997). The accumu- for screening for Al-tolerant soybean germplasm. Hy-
lation of Al causes a disruption of cell expansion and droponics is an important part of breeding programs
division (Kochian, 1995), which is primarily respons- searching for favorable genetic traits and rankings of
ible for the associated decrease in root elongation. soybean genotype sensitivity to Al in Cag€sblutions
The presence of Mg may stimulate a series of events generally correspond with rankings in sand culture,
that would lead to more efficient detoxification of Al.  although differences among genotypes are less in the
This could occur by enhanced production of citric latter (Horst and Klotz, 1990; Villagarcia et al., 2000).
acid and other Al-chelating substances that either ac- However, apparent Al tolerance with specific geno-
cumulate inside, are secreted out of the root tip or types does not always result in better growth and yield
alleviate an Al competition with Mg at a sensitive in acid, Al toxic soils (Blamey et al., 1991; Horst
binding site. Alternatively, Mg additions may cor- and Klotz, 1990; Sartain and Kamprath, 1978). In ex-
rect an Al-induced Mg deficiency at the root tip. In  periments using soil, it is unclear whether the Mg/Al
yeast, Al blocks Mg uptake and reduces cell growth interaction alters tolerance, or whether there are other
and this effect was suggested to be associated with anconfounding factors.
Al-induced Mg deficiency (MacDiarmid and Gardner,
1996). Accordingly, additions of Mg increased Mg up-
take, rgstored cell growth, and .ove_rexpression of genes Acknowledgements
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